In adults, anthropometric measures of central adiposity, such as waist-height ratio (WHtR) and waist circumference (WC), are more strongly associated with cardiometabolic risks than BMI. Methods: To provide similar quantitative tools for North American children, we created smoothed centile charts and LMS tables for WHtR and WC based on data from the US National Health and Nutrition Survey, cycle III (NHANES III, N = 11,930 aged 2-24 y 1988 -1994 . results: Applying these reference charts to subsequent NHANES survey cycles, 1999-2012) demonstrated a significant mean increase in both Z-scores of approximately 0.30 SD. In measuring the strength of the association between anthropometric measures and cardio-metabolic risk factors, a unit change in Z-scores for WHtR, WC, and BMI significantly increased the odds of an adverse outcome in all cases (1.18-2.03, P < 0.0001). Z-scores for both measures of central adiposity were significantly more strongly associated with cardio-metabolic comorbidities than BMI-Z. conclusion: Since Z-scores permit standardized comparisons across ages and genders, they are useful measures of central adiposity in both clinical or research settings. By providing LMS tables for children and adolescents based on North American reference data, we hope to provide quantitative tools for the study of obesity and its complications.
W
ith increasing prevalence of obesity at younger ages, anthropometric measures other than BMI have been proposed as predictors for the development of cardio-metabolic risks, such as diabetes and hyperlipidemia. In particular, a waist-height ratio (WHtR) > 0.5 has been shown to be a stronger predictor than BMI at all ages, presumably because the former is a better direct measure of central adiposity (1) (2) (3) . Nevertheless, this "one-size-fits all" approach to WHtR ignores the natural variation of this measure with age and gender in children and adolescents.
In younger subjects, waist circumference (WC) has also been shown to be at least as strong a predictor as BMI for metabolic complications (4, 5) . Although several groups have applied the LMS model to create smoothed centile charts for waist-circumference in North American children and adolescents (6) (7) (8) , none published tables of LMS parameters needed to calculate Z-score or exact centiles in subsequent studies. In addition to dissimilarities between populations, there were also differences in measurement techniques: Although both Statistics Canada and NHANES recommend a validated protocol for measuring WC at the level of the iliac crest in the mid-axillary line (9) , reference data from outside North America are often based on different choices for the physical landmarks used to measure WC (see Discussion for details).
Our primary objective was to apply the LMS method to create gender-specific reference growth charts for both WHtR and WC in children aged 5-19 y of age in the North American NHANES III cohort (1988) (1989) (1990) (1991) (1992) (1993) (1994) , a North American reference population that predates much of the recent increase in obesity prevalence. The LMS method is currently the most common method for creating growth references, used by both the Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO). The method summarizes growth data in terms of three parametric curves, where the L curve captures the skewness of the distribution, the M curve represents its median, and the S curve describes the coefficient of variation. Once fitted, age and gender-specific LMS tables are used to calculate Z-scores and centiles. Secondary objectives included examining the evolution of both WC and WHtR Z-scores in subsequent biennial NHANES surveys A-G (1999-2012) and evaluating the utility of these Z-scores as predictors of metabolic comorbidities.
RESULTS
Our reference growth charts for WC and waist-height ratio vs age are based on data from the NHANES III survey 1988-1994, part of an ongoing National Health and Nutrition Survey for both children and adults. Data were available for 6,140 females and 5,790 males aged 2-24 y from NHANES III (1988) (1989) (1990) (1991) (1992) (1993) (1994) . For testing these curves, an additional 10,018 females and Articles Sharma et al. 10 ,227 males aged 5-19 y were available from subsequent biennial NHANES cycles A-G (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . Figure 1 shows considerable variation in both WC and WHtR with age and gender. Moreover, in panels c,d (WHtR vs. age), the dotted horizontal line marks the 0.5 ratio associated with adverse outcomes in adult studies, which fails to track any particular pediatric centile. For both measures, the asymmetry in centile curves on either side of the median speaks to a rightward skew in their distributions, which the LMS model is designed to accommodate. For this reason, the reference There was a noticeable shift at all ages compared to the NHANES III reference (1988) (1989) (1990) (1991) (1992) (1993) (1994) . A comparable shift was observed in mean WHtR Z-score over time (not shown).
In Table 2 , the unadjusted mean Z-scores have moved by 0.33-0.35 SD since the reference period, which was not changed by adjustment for gender and race-ethnicity. Further heterogeneity was seen with adjustment, since the mean score for Black children was significantly lower than for White children, while the mean score for Mexican-American children was higher. Only one interaction term achieved statistical significance, with female subjects in later NHANES cycles showing a small increase (ΔZ = 0.1, P < 0.001) in WHtR-Z and a similar trend for WC-Z (ΔZ = 0.06, P = 0.07), indicating that the increase over time was greater in girls than boys. No significant differences were noted in mean scores between early (1999-2004) and later (2005-2012) survey eras (see Figure 2) .
For subjects studied between 1999 and 2012, Table 3 summarizes the odds ratios (OR) for an adverse metabolic outcome (as defined in Methods) associated with a unit increase in Z-scores for WC, WHtR, or BMI. All ORs differ significantly from the null, with 95% CI's that do not cross 1. In all cases, WC-Z and WHtR-Z are more strongly associated with metabolic risk factors than BMI-Z. From the formal pairwise comparisons, we see that the WHtR-Z outperforms BMI-Z for abnormal total cholesterol (TC), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), and triglycerides (TG), P < 0.05; and WC-Z is superior to BMI as a predictor for abnormal HDL and TG. Compared to BMI, WC and WHtR are both stronger predictors of elevated glycated hemoglobin levels, but the pair-wise differences do not achieve statistical significance. As suggested by these results, these three Z-scores are not necessarily concordant. In NHANES cycles A-G (N = 20,245), BMI-Z was generally higher than the corresponding waistbased measures. Between WC-Z and BMI-Z, the mean (±SD) within-subject difference was −0.44 ± 0.68 (Pearson correlation r 1 = 0.89). In contrast, the mean difference between WHtR-Z and BMI-Z was -0.60 ± 0.71 (r 2 = 0.88). The two measures of central adiposity were more consistent, with a mean difference (WHtR-Z -WC-Z) of 0.15 ± 0.42 with a correlation r 3 = 0.92.
Our LMS tables are based on North American reference data and a standardized measurement protocol. In Figure 3 , we see how the median WC in our NHANES III cohort compares to the corresponding centile in other studies, reflecting differences in both reference populations and measurement techniques.
DISCUSSION
Given the variation in both WHtR and WC across ages and genders, the primary goal of this study was to produce LMS tables based on North American data so that clinicians and investigators can easily calculate Z-scores and exact centiles for both anthropometric measures of central adiposity. In addition to their role in epidemiologic studies of obesity and cardiovascular risk, growth charts are familiar tools that are easily applied by health-care workers in a clinic setting for both screening and longitudinal follow-up of individual patients.
For adults, a recent meta-analysis of over 300,000 subjects of both genders and varied ethnicities (10) concluded that WHtR and WC were better screening tools for cardio-metabolic risk factors than BMI, presumably because they better reflect central adiposity than BMI (weight/height 2 ), which can be distorted by nonfat mass (e.g., muscle) and visceral adiposity. WHtR may be a particularly powerful instrument in specific ethnic groups, like South Asians, where BMI and WC have relatively poorer sensitivity and specificity (11) .
Although BMI is the standard measure of overweight and obesity in children and adolescents (12) (13) (14) (15) , large crosssectional population surveys, such as NHANES and the Bogalusa Heart Study, have demonstrated the superiority of WHtR over BMI for identifiying cardiovascular disease (CVD) risk factors in children (12) (13) (14) (15) . WC has also been proposed as an alternate measure, with performance at least comparable to BMI (5, 6) . Smaller prospective pediatric series (4) have also confirmed the prognostic value of WC at age 8 y as a predictor of future CVD risk-factor clustering.
Unlike adult studies, the thresholds of concern have been less clearly defined for children and adolescents. Following adult conventions, a simple cut-off of 0.5 or 0.6 for WHtR has been proposed (1) (2) (3) 16, 17) , an approach that ignores the variation in WHtR with age and gender seen in Figure 1 . To our knowledge, neither growth charts nor LMS tables have previously been reported for pediatric WHtR despite the observed variation in expected values with age and gender.
More work has been done to define normal age-and genderspecific WC. In fact, several sets of pediatric WC growth charts (i.e., smoothed centile plots) have been produced with North American data (Katzmarzyk Fitness Canada Survey, Cook et al. NHANES data, Katzmarzyk Bogalusa, Fernandez NHANES III). Unfortunately, none of these reports included LMS tables for calculating Z-scores and centiles in subsequent studies. Nevertheless, LMS tables are available for WC in children in the UK (18), Australia (19) , the Netherlands (20) , and Germany (21, 22) . In addition to focusing on specific age ranges (e.g., 11-18 y), these charts also differ nontrivially in the measurement technique used to evaluate WC, e.g., at the level of the umbilicus (19) , at the narrowest point between the costal margin and the iliac crest (20) (21) (22) , mid-way between the costal margin and the iliac crest (18) , or at the level of the iliac crest in the mid-axillary line, the last consistently applied across NHANES cycles (23). Given the extent of the variation in normal WCs across studies (Figure 3) , practitioners should take care to align their clinical measurement methods with those actually used to create their reference charts. This is particularly true given systematic differences in WC obtained by the various methods, with the NHANES protocol yielding consistently higher measurements in cross-over studies on the same subjects aged 3-79 y (9) .
Even when WC growth charts have been available, appropriate levels of concern remain unclear. At least one cross-sectional , and Germany (21 ◇; 22 ▲). Much of the observed variation is due to differences in the technique used to identify landmarks to measure WC (9), e.g. at the level of the umbilicus (19) , at the narrowest point between the costal margin and the iliac crest (20) (21) (22) , mid-way between the costal margin and the iliac crest (18) , or at the level of the iliac crest in the mid-axillary line, the latter applied consistently across NHANES cycles (23). Articles report from the Bogalusa Heart Study included pediatric percentile cut-offs chosen on the basis of their association with adverse CVD risk factors (5), with percentiles of risk ranging from the 50th-57th for WC, depending on race and gender. Through comparison with BMI criteria, investigators in the UK (24) and Australia (4) defined overweight and obesity as WC values exceeding age-and gender-specific 91st or 98th percentile values. Cook et al. have suggested that cut-offs be defined by aligning adult levels of concern (102 cm in males and 88 cm in females -(6)) with pediatric centiles at age 19 y. For the NHANES III reference data presented here, these cut-offs would correspond to the 93rd and 75th percentiles, respectively. Were we to adopt a similar approach to WHtR, the adult threshold of 0.5 corresponds to the 65th percentile in girls and the 77th percentile in boys in Figure 1c,d . These definitions are similar to those adopted by the WHO to define overweight in children aged 2-19 y as the 85th percentile for BMI, which aligns at age 19 y with the adult definition at a BMI of 25 kg/m 2 (13) . Clearly, all such criteria are provisional, pending definitive prospective trials to examine the association between specific centiles and long-term cardiovascular outcomes.
Although Z-scores provide a meaningful comparison of WC across ages and genders and are particularly well-suited for intervention trials, few studies have adopted this approach (4, 24) . Z-scores are also useful for quantitative comparisons when percentile scores cluster near or above the 99th percentile, since such scores are otherwise difficult to distinguish. Moreover, Garnett (4) reported CVD risk-factor associations with Z-scores based on the 1985 Australian Health and Fitness Survey (ages 7-15 y), but the LMS tables used for these calculations were based on data collected using a different methodology (measurement at the umbilicus) than NHANES. Clearly, careful adherence to a standardized measurement protocol is a prerequisite to using these charts, and the NHANES measurement protocol, based on easily identifiable physical landmarks, represents a longstanding North American standard (23).
The primary aim of the current study was to tabulate LMS parameters for both WC and WHtR, which might be used to calculate Z-scores and exact centiles based on North American norms and to provide quantitative tools for evaluation of both measures of central adiposity in growing children. We deliberately selected data from NHANES III (1988) (1989) (1990) (1991) (1992) (1993) (1994) to create these reference charts for the same reason that WHO 2007 (NCHS, 1963 (NCHS, -1975 and CDC 2000 (NCHS, 1963 (NCHS, -1994 ) growth reference charts for ages 5-19 y excluded more recent data to minimize the impact of the North American obesity epidemic (7, 13, 14, 25) . Like the WHO and CDC charts for school-aged children, these norms are also presented as a growth reference rather than a prescriptive growth standard, intended to be used as a yardstick for measuring change (13) . In this light, Figure 2 and Table 2 clearly demonstrate a mean shift of 0.30-0.35 SD since NHANES III despite application of a consistent measurement technique by trained NHANES staff. Similar trends have been reported by others (16, 17, 24) . We must therefore assume that this represents a real shift in the population distribution. Table 2 also illustrate additional heterogeneity, particularly with regards to ethnicity, with lower scores in Black children and higher scores in Mexican-American children. Since South Asians may also differ in propensity to cardiometabolic complications (11) , it is perhaps unfortunate that the race-ethnicity data in the NHANES surveys do not permit further parsing of these distinctions, though Asian ethnic origin was added with the most recent NHANES cycle.
The results in
In our exploratory analysis of the association of anthropometric measures with cardio-metabolic risk factors in subsequent NHANES survey cycles, Table 3 confirms that a unit change in all three Z-scores significantly increased the odds for all adverse metabolic outcomes (P < 0.0001). Both WHtR and WC were consistently more strongly associated with abnormal metabolic profiles than BMI. It is intriguing that ORs for WHtR-Z were significantly higher (P < 0.05) than for BMI-Z for 4/4 adverse lipid measurements (TC, LDL, HDL, and TG), and the ORs for WC-Z were significantly higher for HDL and TG. Since the odds ratios in Table 3 were largely unaffected by additional adjustment for sex and race-ethnicity (not shown), we might further infer that these Z-scores capture the impact of central adiposity on CVD risk across genders and races. Due to sample size and age restrictions imposed by the NHANES subsampling protocol (e.g., no fasting specimens below age 12 y), these results should only be considered exploratory. Nevertheless, our findings are consistent with the results of adult studies (10,11).
Morandi et al. (26) have recently commented on the poor receiver operator characteristics associated with all anthropometric measures in pediatric metabolic syndrome, citing areas under the receiver operator characteristics curve (AUC) of 0.55-0.70. Here, too, the best AUC (for HDL < 40 mg/dl) was 0.694 (95% CI 0.682-0.706, not shown), which is significantly better than chance agreement (AUC = 0.5), but of questionable value as a screening test. Nevertheless, prospective evaluation of predictive ability will be needed to further assess their clinical utility (4, 6, 18, 24, 27) , particularly since childhood adiposity tracks into adulthood (28) , and WC and BMI at age 8 y predict subsequent clustering of CVD risk factors (4) .
In adopting the National Cholesterol Education Panel cutpoints to define metabolic comorbidities, we recognize that alternate definitions are also possible (see ref. (29)). For example, the AAP Committee on Nutrition (30) recommended a low HDL cut-point of 35 mg/dl, which decreases the number of adverse outcomes from N = 2,861 to 1,108 and increases the strength of the association with WHtR-Z (OR = 2.17, CI = 2.04-2.32) and WC-Z (OR = 2.23, CI = 2.08-2.39).
Strengths and Limitations
The strengths of this study are the robust sample size, the standardized NHANES anthropometric measurement protocol, the quality of the (NHANES III) reference data, and the application of a well-accepted statistical methodology in the LMS model for skewed distributions. Weaknesses reflect the lack of longitudinal or prospective data, as well as the relative paucity of biochemistry results for younger children. Consequently, the tests of association between anthropometric measures of central adiposity and adverse metabolic outcomes (Table 3) should only be considered exploratory. As with conventional growth charts, lack of concurrent data on pubertal stage may also blur important clinical distinctions (12, 13) .
Conclusions
In adults, anthropometric measures of central adiposity, such as WHtR and WC, are more strongly associated than BMI with adverse cardio-metabolic outcomes. Given systematic variations in these measures across ages and genders, LMS tables for calculating Z-scores and centiles based on North American reference data are needed to make quantitative comparisons, but are not readily available in published form. By choosing NHANES III as a reference population, our tables minimize the impact of the North American obesity epidemic, seen here as a shift of 0.30-0.35 SD in both Z-scores between NHANES III and subsequent survey cycles. Moreover, these norms are based on well-established measurement methods applied consistently over time. In cross-sectional analyses, we see that WHtR-Z and WC-Z are more strongly associated than BMI-Z with abnormal lipid profiles in children and adolescents in the NHANES database. We therefore hope that other investigators will be able to apply these quantitative tools in longitudinal studies of obesity and its complications in children and adolescents.
METHODS

Anthropometric Data
Reference data were available for age, height, WC, and race-ethnicity for 6,140 females and 5,790 males aged 2-24 y from the US National Health and Nutrition Survey, cycle III (NHANES III, 1988 -1994 . NHANES III was deliberately designed to be "fairly-close to selfweighting nationally" (31), i.e., nationally representative for the non-institutionalized US population. Beginning with NHANES III and continuing through subsequent biennial cycles (NHANES A-G, 1999-2012), anthropometric measurements were collected using a standardized measurement protocol (23): In brief, calibrated stadiometer heights were measured to the nearest 0.1 cm by trained staff. A snug tape measure was used to measure WC to the closest 0.1 cm after palpating and marking the iliac crests in the mid-axillary lines while subjects placed their hands on their opposite shoulders. Since data were not consistently collected across NHANES cycles, raceethnicity categories were pooled as European-American (White), African-American (Black), Mexican American (Mex), and Other (7). Ethics approval was obtained from the Health Research Ethics Board of the University of Manitoba's Faculty of Medicine for the use of anonymous data from an existing database for epidemiologic investigations.
LMS Model
Centiles were fitted to gender-specific reference data for WC and WHtR using the LMS model with LMS Chartmaker Pro 2.5.4 to fit smoothed L (skew), M (median), and S (coefficient of variation) curves (32) (33) (34) : For a given physical measure y, the corresponding Z-score is then given by z = ((y/M)L−1)/(LS), with recommended modifications for Z-scores outside the range −3 to +3 (35) . This formula is inverted to yield centile y as a function of Z-score in y = M (1+LSz)(1/L), L ≠ 0. The LMS model assumes that after a Box-Cox power transformation, the data at each age are normally distributed; hence, the normal cumulative distribution function may be used to convert Z-scores into corresponding percentile curves (e.g., with a Gaussian distribution, z = −3, −2, −1, 0, 1, 2, and 3 corresponds roughly to percentiles 0.1, 3, 15, 50, 85, 97, and 99.9)
Statistical Methods
In R (36), tabulated LMS parameters were used to calculate WC and WHtR Z-scores and centiles for 27,255 subjects aged 5-19 y in NHANES III (N = 7,010) and biennial cycles A-G (N = 20, 245, [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Published WHO LMS parameters were used calculate corresponding BMI Z-scores, based on their core NHANES dataset for school aged children (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (13) .
To graphically compare mean Z-scores by age and NHANES cycle, individual Z scores were plotted vs. age and smoothed using quadratically penalized (thin plate) regression splines, with smoothing degrees of freedom selected by generalized cross-validation.
Linear regression was used to assess the mean change in Z-scores by NHANES cycle with and without adjustment for covariates gender (M, F) and race-ethnicity (White, Black, Mexican-American, and Other). Reference categories were NHANES cycle = NHANES III, race-ethnicity = White, and gender = M.
Metabolic Outcomes
To assess the utility of WC and WHtR Z-scores as predictors of metabolic and cardiovascular complications in an out-of-sample validation dataset, laboratory data were pooled and merged with anthropometric measures for all subjects aged 5-19 y in NHANES cycles A-G (1999-2012), with details available in the individual survey manuals (37) Following current NHANES guidelines, a glycated hemoglobin ≥ 6.5% was classified as diabetes in all surveys (N = 90 cases). For each outcome, logistic regression was used to calculate the odds ratios corresponding to a unit change in Z-scores for WC, WHtR, or BMI.
